The abundances of eight elements (C through Fe) were determined in the primary star of the short-period Algoltype binary RZ Cas relative to the A3 V spectroscopic standard star α PsA. Definite under-abundances (by −0.45dex or more) of Mg, Si, Ti, Cr, and Fe were established. On the other hand, light elements C and O show solar abundances, and Ca is slightly under-abundant (∼ −0.3 dex). This abundance pattern demonstrates that RZ Cas shows a characteristic of mild λ Boo-type stars. This finding raises a question on the physical relations between the metallicity (abundance anomaly), the pulsational characteristics, and the mass accretion processes.
Introduction
RZ Cassiopeiae (HD 17138 = HIP 13133, consisting of an A3 V primary and a K0 IV secondary) is a short-period (P = 1.1953 d) Algol-type eclipsing binary system that shows deep eclipses. Maxted et al. (1994) analysed spectroscopic and photometric data of the system and obtained absolute system parameters: M 1 = 2.205M , M 2 = 0.73M , R 1 = 1.67R , and R 2 = 1.94 R . Narusawa et al. (1994) showed that the primary minimum is a partial eclipse. Ohshima et al. (1998 Ohshima et al. ( , 2001 ) observed a short-period photometric variability of RZ Cas, and demonstrated that the variability is caused by oscillations of the primary with a dominant frequency of 64.2d −1 . RZ Cas is one of the δ Sct-type variables with the shortest period (22 min) and one member of the new type of pulsating stars in semi-detached Algol-type systems proposed by Mkrtichian et al. (2002) . Rodríguez et al. (2004) reported analyses of photometric observations carried out during a multi-site campaign in 1999, and confirmed a pulsational behavior with a frequency of 64.1935 d −1 . They showed that the observed light curves reveal the presence of the mass stream from the secondary and a hotspot where the stream impacts on the surface of the primary. Lehmann and Mkrtichian (2004) analysed spectroscopic data obtained during a multi-site campaign carried out in 2001 and obtained an improved orbital solution. They detected rapid spectroscopic multi-mode pulsations in this system with two dominant frequencies of 56.600 and 64.189 d −1 . They also found cycle-to-cycle variations in the shapes of the radial velocity curves of Balmer lines, and suggested a strong variability of the mass-transfer rate and a non-stationary state in the circumbinary envelope.
During the course of an analysis of the variation in the Hα profile using time-resolved medium resolution spectral data of RZ Cas, we noticed the weakness of the metallic lines, such as Si II 6347Å, 6371Å, and Fe II 6456Å, when compared to the strengths of these lines in several A3 V MK standard stars. In order to clarify the reason for the apparent weakness of the metallic lines in RZ Cas, we performed a detailed abundance analysis of this star and report abundances of eight elements in this paper and compare the results with those obtained in λ Boo and related stars.
Observational Data
We analysed the abundances in RZ Cas using a differential analysis technique relative the bright spectroscopic standard star α PsA (Fomalhaut = HR 8728 = HD 216956 = HIP 113368) in the present study. The spectral type of α PsA is A3 V (Yamashita et al. 1977) , the same as that of the primary component of RZ Cas (Maxted et al. 1994) . Dunkin et al. (1997) analysed the surface abundances of α PsA, and reported essentially solar abundances of C, Mg, Si, S, Ca, Ti, Cr, Mn, Fe, and Ni. We assumed in this study that α PsA has the normal (solar) abundances of all elements.
Both RZ Cas and α PsA show broad spectral lines due to their fast rotation. Their rotational velocities (v sin i) are 88 km s −1 for α PsA (Dunkin et al. 1997) , and 83 km s
for RZ Cas (Maxted et al. 1994 ). In such a case, reliable measurements of the equivalent widths are difficult for broadened absorption lines due to severe blending from neighboring lines. We employed in this study a self-consistent multiparameter fitting technique developed by Takeda (1995) in the differential abundance analysis. This method enabled us to analyse the profiles of broad and partially blended spectral lines and to obtain reliable abundances of specific elements. Spectroscopic observations of RZ Cas were made at its orbital phases outside of the primary eclipse (between phases 0.90 to 0.10) when the view to the primary was not obstructed by the secondary. In order to avoid any effects of the secondary's absorption lines on those of the primary, our observations were restricted to orbital phases when the velocity difference between the two components was larger than 250 km s −1 . Furthermore, we selected the orbital phase when the hotspot was located at the far side of the primary.
Observations of RZ Cas in the blue spectral region were carried out on 2005 November 16 [at phase 0.227, calculated using the ephemeris given in Narusawa et al. (1994) ], using a spectrograph installed on the Nasmyth platform of the 2 m NAYUTA telescope at Nishi-Harima Astronomical Observatory (NHAO). The spectrograph is equipped with a 2K × 2K CCD detector (13.5 µm pixel), by which a 400Å region can be observed at a resolving power of ∼ 7000 in a single exposure. Two 1800 s exposures centered at Hγ and Hβ were obtained. Data of the reference star α PsA in the same spectral regions were obtained using the same instrumental setup on 2005 November 15 with an exposure time 120 s.
Spectral data of RZ Cas in the green-red spectral region were obtained on 2000 December 29 (at phase 0.231) using the HIgh Dispersion Spectrograph (HIDES, Izumiura 1999) of the 188 cm reflector at Okayama Astrophysical Observatory (OAO).
The exposure time for the target was 1800 s. With its 4K × 2K CCD detector and a red cross-disperser, HIDES enables us to obtain an echellogram covering the wavelength region from 5000Å to 6150Å with a resolving power of ∼ 65000.
For both NHAO and OAO observations, a reduction of two-dimensional spectral data (bias subtraction, flat-fielding, scattered-light subtraction, extraction of spectral data, and wavelength calibration) was performed using the IRAF 1 software package in a standard manner. The wavelength calibration was performed using an Fe-Ne-Ar lamp (NHAO) and a Th-Ar lamp (OAO) emission spectra obtained during the observations. The SN ratios (per pixel) of the NHAO data were around 330 and 530 for RZ Cas and α PsA, respectively, at 4500Å. The SN ratio (per pixel) of the OAO data was 220 at 5300Å and 250 at 5750Å.
High-quality spectroscopic data of the reference star α PsA were downloaded from a Website of University of Texas (Allende Prieto et al. 2004) . Spectral data of α PsA had a wide wavelength coverage (from 3650Å to 9060Å) and an excellent SN ratio (higher than 550) at 6000Å and a resolving power of around 50000.
Spectroscopic Analysis
Atmospheric parameters (T eff = 8760 K and log g = 4.2) for the reference star α PsA is adopted from Kamp et al. (2002), 1 IRAF is distributed by the National Optical Astronomy Observatories, which are operated by the Association of Universities for Research in Astronomy, Inc., under cooperative agreement with the US National Science Foundation. who obtained these parameters using uvbyβ photometric data. These are nearly coincident with those adopted by Takeda and Sadakane (1997) , who also determined these parameters using uvbyβ photometric data. The uvbyβ photometric data of RZ Cas suggest a slightly lower temperature for this star; we adopted T eff = 8700 K. This temperature is coincident with that given in Maxted et al. (1994) (8600 ± 100 K). The surface gravity of RZ Cas (log g = 4.3) was taken from Maxted et al. (1994) , which was calculated from the star's mass (2.21 M ) and radius (1.67 R ).
The microturbulent velocity, ξ t , in α PsA was estimated by simulating several spectral regions that contain both weak and intermediate strong absorption lines of Fe I. The resulting abundances obtained from weak lines are nearly independent of the choice of the parameter, while those from intermediate strong lines are strongly dependent on the adopted value of ξ t . The parameter was determined so as to obtain consistent abundances from both the weak and relatively strong lines simultaneously. An example of such a simulation is illustrated in figure 1. After simulating several spectral features, such as shown in this figure, we conclude that the best choice is ξ t = 3.5 ± 1.0 km s −1 for α PsA. This value is lower than that adopted by Dunkin et al. (1997) (4.9kms −1 ), while coincident with the result given in Takeda and Sadakane (1997) . We tried to estimate the value of ξ t in RZ Cas in a similar way, and found nearly the same result. The limited SN ratio of the OAO high resolution spectral data (∼ 220) do not permit us to obtain a reliable result for ξ t . We then decided to assume the same microturbulent velocity as α PsA in RZ Cas in the following abundance analysis.
We tried to determine the abundance of Fe in both stars by using the multi-parameter fitting technique. Line blanketted model atmospheres interpolated from Kurucz (1993) were used in the analysis. We selected seven spectral regions (from A to G) where only Fe I or Fe II lines contributed to the observed features, and absorption lines of other species were negligibly Table 1 shows the seven selected spectral regions. The major contributing lines are listed for each region. The log gf values for these major features were taken from the VALD database (Kupka et al. 1999) . Those for weak blending lines were taken from Kurucz and Bell (1995) . In the fitting calculations, we changed the abundance of Fe and the rotational velocity, while the microturbulent velocity was fixed at the adopted value for each star. The abundances of other elements were also fixed at the solar abundances (Grevesse, Sauval 1998) .
We used the same wavelength range, the same wavelength step in the calculation, and the same number of iterations for both stars. The resulting best-fit values of the abundance of Fe and the rotational velocity for each star are given in table 1. Figure 2 shows an example of the analysis for the region between 5190Å and 5200Å (region A). The best-fit solutions obtained in this region show a difference in the abundance of Fe between RZ Cas and α PsA of −0.58 dex. We calculated the mean difference in the abundance of Fe between RZ Cas and α PsA using results obtained in seven selected regions, and found that the abundance of Fe in RZ Cas is definitely lower (by −0.63 ± 0.08 dex) than that in α PsA. The absolute abundance of Fe in α PsA appears to be slightly (by ∼ 0.1dex) higher than the solar value [logN (Fe) = 7.51, Grevesse, Sauval 1998 ], and we concluded that Fe is clearly under-abundant in RZ Cas. The averaged values of the rotational velocities (v sin i) are 89.0 ± 1.4 kms −1 and 71.3 ± 6.4 kms −1 for α PsA and RZ Cas, respectively. The rotational velocity obtained for α PsA is in excellent agreement with the previous results ( Dunkin et al. 1997; Takeda, Sadakane 1997) . On the other hand, our result for RZ Cas is lower than that obtained by Maxted et al. (1994) (83.0 km s −1 ) or by Mukherjee et al. (1996) (87.1 ± 10.8 km s −1 ). Our result for the rotational velocity for RZ Cas is coincident with that expected in the case of synchronous rotation of this system.
We then analysed the absorption lines of other elements in the same way. A list of the analysed lines are given in table 2. In analyses of these lines, we fixed the abundance of Fe in α PsA at log N (Fe) = 7.67 ( + 0.1 dex over-abundant) and that in RZ Cas at log N (Fe) = 7.04 (−0.52 dex under-abundant). The abundance of the element in question and the rotational velocity were changed as adjustable parameters. Analyses of C I and Si II lines are illustrated in figure 3 . Actually, fitting calculations were carried out separately for each element, as noted in table 2. For C I, calculations were performed in the region between 5048.0Å and 5054.0Å, while for Si II, calculations were performed in the region between 5053.0Å and 5059.0Å. We obtained the best-fit solutions of the abundance of C as log N (C) = 8.34 and 8.26 in α PsA and RZ Cas, respectively. Thus, there is no significant difference in the C abundance between the two stars. On the other hand, the bestfit solutions for Si are log N (Si) = 7.57 and 6.98 in α PsA and RZ Cas, respectively, and the difference in the abundance of Si is evident. Figure 4 shows an analysis of O I lines between 6155Å and We used data of both stars obtained at NHAO for the 4481Å region. The best-fit abundance of Mg obtained from the Mg II line at 4481Å is slightly lower than that obtained from the Mg I triplet lines. The averaged difference in the Mg abundance between α PsA and RZ Cas is −0.46 dex, which means Mg is under-abundant in RZ Cas. Analyses of Ca I lines were carried out using two spectral regions. Figure 7 shows an analysis for the region between 5585Å and 5600Å, where three Ca I lines are present. The resulting mean difference in the Ca abundance obtained from the two regions is −0.32 dex, indicating a slight under-abundance of Ca in RZ Cas. Analyses of Ti II lines were carried out using two spectral regions based on data obtained at NHAO. Figure 8 shows the region from 4441Å to 4452Å, where two Ti II lines are present. We obtained the mean difference in the abundance of Ti to be −0.45 dex, which means an under-abundance of Ti in RZ Cas. Analyses of Cr were performed using both Cr I and Cr II lines. We calculated the expected uncertainties in the obtained abundances of the eight analysed elements caused by possible errors in the adopted atmospheric parameters. We used the Kurucz's WIDTH9 program (Kurucz 1993) to estimate the uncertainties. Approximate equivalent widths of each absorption line used in the above analyses were used in the calculations. For Fe I and Fe II, we used 100 mÅ as a representative equivalent width. We changed the values of the atmospheric parameters (T eff , log g, ξ t , and the metallicity [M/H] of the model) one after another from the adopted ones for RZ Cas and calculated the abundances for each case. The differences in the resulting abundances for each ion were derived in order to estimate the uncertainties. The results are summarized in table 3. We can see that the uncertainties caused by errors in the adopted log g and metallicity, [M/H], are small, while those caused by an error in the adopted ξ t are large when we use relatively strong absorption lines, which are sensitive to a change in the value of ξ t . An error of 200 K in the adopted T eff introduces errors as large as 0.2 dex for neutral metals (Mg I, Ca I, Cr I, and Fe I).
Finally, we estimated the expected uncertainties caused by the dilution effect from the secondary. Lehmann and Mkrtichian (2004) noted that several metallic absorption lines observed in RZ Cas originated from the secondary, and used them to measure the radial velocity of the secondary. We confirmed on our high-resolution data several faint Ca I and Fe I lines that are noted in Lehmann and Mkrtichian (2004) . They are separated from the primary's counterparts by around + 265 km s −1 , which is just the expected shift at the phase of our observation. We searched for the secondary's components of the Na I D1 and D2 lines on our data, but failed to confirm them. The upper limit of the central depth of the D1 line at the expected position is 1% of the continuum level.
(The expected line center of the stronger D2 line is on the wing of the primary's D1 line.) Since the D lines should be very strong in the spectrum of the secondary (spectral type K0 IV), their central depths are expected to reach as deep as 40% of the continuum level, even if the star is rotating as fast as the primary (∼ 75 km s −1 ). From the upper limit of the central depth of the D1 line on the observed spectrum, we estimated the upper limit of the secondary's contribution to the total light to be smaller than 3% in the analysed spectral region. To estimate the effects of the dilution on the resulting abundances, we artificially increased the observed equivalent widths by 3% and calculated the expected differences in the abundances, which are given in the final column of table 3. We can see that the effect of dilution is smaller than 0.08 dex in all cases and that the observed under-abundances are hard to be accounted for by the dilution effect.
Discussion
We determined the abundances of eight elements in RZ Cas relative to the reference star α PsA and found the solar abundances of the two light elements C and O, while definite under-abundances of other six elements including Fe. Our final Venn and Lambert (1990) . Data of δ Sct, Vega, and HR 7338 were taken from Yushchenko et al. (2005) , Qiu et al. (2001) , and from Sadakane (1981) , respectively. Our findings of under-abundances of six elements (especially that of Fe) are unexpected because such abundance anomalies have never been detected in the primary component of other Algol-type binaries. We have only a few examples of eclipsing binaries for which detailed abundance analyses have been carried out for their primaries. Balachandran et al. (1986) analysed the spectral lines of He, C, N, O, Ne, and Fe in the B8 primary of the eclipsing binary β Lyr, and suggested an enhanced abundance of Fe. They discovered a definite enhancements of He and N and under-abundances of C and O relative to N in this star. Tomkin and Lambert (1989) analysed the abundances in the primary of R CMa, and (Mkrtichian, Gamarova 2000) . Underabundances of C were confirmed in eight Algol systems by Tomkin et al. (1993) . Recently, Alecian et al. (2005) determined the surface metallicity, Z = 0.028 ± 0.005, of both components of the pulsating eclipsing binary system RS Cha.
On the other hand, we found that the observed abundance pattern in RZ Cas (normal abundances of C and O and underabundances of Ti, Cr, and Fe) is similar to that observed in λ Bootis type stars. According to Paunzen (2004) , they are Population I late B to early F stars, with moderate to extreme (up to a factor of 100) under-abundances of most Fe-peak elements and solar abundances of lighter elements (C, N, O, and S). The basic membership criteria as well as the various theories to explain their abundance anomalies are summarized in Paunzen (2004) .
Recently, two major theories or hypotheses have been discussed to interpret the λ Boo phenomenon. They are a) the diffusion/mass-accretion theories and b) the binary theories. The former idea was advanced by Venn and Lambert (1990) and Turcotte and Charbonneau (1993) . In their hypothesis, the λ Boo phenomenon could be the result of accretion of metal-depleted gas from circumstellar or interstellar material. More recently, Kamp and Paunzen (2002) proposed a model of interaction between a star and a diffuse interstellar cloud. The binary theories (e.g., Faraggiana, Bonifacio 1999 Gerbaldi et al. 2003) propose that the λ Boo phenomenon could be explained by the composite spectrum coming from the two component stars with not very different T eff and L. In addition, Andrievsky (1997) proposed an interesting idea, in which he suggested that at least some of the λ Boo stars are produced by merging of W UMa type contact binaries. However, the binary model proposed by Bonifacio (1999, 2005) is evidently inadequate to be applicable to the case of RZ Cas, because the two components in this system have quite different spectral types and luminosities.
It is interesting to notice that the abundance pattern of RZ Cas (which is now known as one of the δ Sct type pulsator) is quite different from that of δ Sct, itself (Yushchenko et al. 2005) , which shows normal abundances, except for a slight over-abundance of O. Furthermore, we notice a similarity in the abundance pattern of RZ Cas with that observed in metalpoor A-type stars, such as Vega. (Rodríguez, Breger 2001; Gray 1988; Gray, Corbally 1993) and is consistent with the results obtained in this paper from a spectroscopic analysis.
These observations raise a question concerning the origin of the apparently similar abundance anomalies observed in RZ Cas, λ Boo stars, and in metal-poor A-type stars. The pulsational characteristic of RZ Cas, which should reflect its atmospheric structure, may be a clue to understand the abundance pattern observed in these stars. Paunzen et al. (2002) selected 33 and 69 samples of pulsating λ Boo and δ Sct stars, respectively, and discussed their period-luminositycolor-metallicity (PLCZ) relation and the pulsational characteristics. It is interesting to find that no δ Sct star in their list is as metal poor as RZ Cas. In their figure 5, RZ Cas is located at the blue boundary of the classical instability strip. On the other hand, its position conforms with the λ Boo star's instability strip, which is by 0.025 mag bluer in b − y than that of the classical one. In fact, RZ Cas, having very short pulsation periods, seems to correspond to the higher metallicity extension of λ Boo stars in their figure 8. It is also interesting to find the Q value of RZ Cas (0.011 d; Rodríguez et al. 2004 ) is near to the smallest one among λ Boo stars, suggesting high radial-order mode pulsations in this star.
Recently, Mkrtichian et al. (2002 Mkrtichian et al. ( , 2003 Mkrtichian et al. ( , 2005 ) introduced a new class of pulsating stars. According to their definition, this group (named as oEA stars) consists of pulsating mass-accreting main sequence stars of spectral type ranging from B to F in semi-detached Algol-type systems. Among the 15 members of oEA stars, RZ Cas and AS Eri, which locate very closely on the HR diagram (Mkrtichian et al. 2002; Soydugan et al. 2006) , have very short pulsation periods of about 20 min. Such short periods suggest that their pulsationally unstable regions (the He ionization zone) locate higher in their atmospheres. These two stars are certainly very interesting objects to study the effects and interplay of diffusion, mass accretion and/or mass loss on pulsating phenomena in λ Boo stars and related objects. A detailed spectral analysis of AS Eri and comparisons of abundances among these oEA stars will help us to understand the physical relation between the pulsational characteristics, metal abundances, and mass accretion.
